Identification of the signaling pathways that influence the reprogramming of Müller glia into neurogenic retinal progenitors is key to harnessing the potential of these cells to regenerate the retina. Glucocorticoid receptor (GCR) signaling is commonly associated with anti-inflammatory responses and GCR agonists are widely used to treat inflammatory diseases of the eye, even though the cellular targets and mechanisms of action in the retina are not well understood. We find that signaling through GCR has a significant impact upon the ability of Müller glia to become proliferating Müller glia-derived progenitor cells (MGPCs). The primary amino acid sequence and pattern of GCR expression in the retina is highly conserved across vertebrate species, including chickens, mice, guinea pigs, dogs and humans. In all of these species we find GCR expressed by the Müller glia. In the chick retina, we find that GCR is expressed by progenitors in the circumferential marginal zone (CMZ) and is upregulated by Müller glia in acutely damaged retinas. Activation of GCR signaling inhibits the formation of MGPCs and antagonizes FGF2/MAPK signaling in the Müller glia. By contrast, we find that inhibition of GCR signaling stimulates the formation of proliferating MGPCs in damaged retinas, and enhances the neuronal differentiation while diminishing glial differentiation. Given the conserved expression pattern of GCR in different vertebrate retinas, we propose that the functions and mechanisms of GCR signaling are highly conserved and are mediated through the Müller glia. We conclude that GCR signaling directly inhibits the formation of MGPCs, at least in part, by interfering with FGF2/MAPK signaling.
INTRODUCTION
The glucocorticoid receptor (GCR; Nr3c1) is a nuclear hormone receptor with signaling that is associated with suppressing inflammation. Without bound ligand, GCR resides in the cytoplasm as an inactive oligomeric complex with molecular chaperones that maintain the receptor in a high-affinity hormone-binding state. Glucocorticoids bind to GCR to dissociate the receptor from the regulatory complex; GCR becomes phosphorylated at multiple sites and dimerizes to translocate to the nucleus to influence transcription. The GCR dimer interacts with DNA by binding to specific nucleotide palindromic sequences known as Glucocorticoid Response Elements (GRE) or negative GRE (nGRE; reviewed by Schaaf and Cidlowski, 2002) . Ligand-bound GCR can activate or repress the expression of genes containing GRE or nGRE sites (reviewed by Schaaf and Cidlowski, 2002) .
Previous studies have shown that GCR signaling can suppress neurogenesis (Cameron and Gould, 1994; Gould et al., 1998; Karishma and Herbert, 2002) . During development, activation of GCR reduces the proliferation of the neural stem cells in embryonic rat brain (Sundberg et al., 2006) . In the central nervous system, GCR is expressed in a context-specific manner with expression in neurons and glial cells in different parts of the brain (reviewed by De Kloet et al., 1998) . Furthermore, GCR has been detected in adult mouse hippocampal progenitor cells (Garcia et al., 2004) , and activation of GCR signaling decreases the proliferation of these cells (Alonso, 2000; Schroter et al., 2009; Wong and Herbert, 2006) . GCR signaling is known to influence late stages of retinal development, i.e. the differentiation of Müller glia. Cortisol, the endogenous ligand of GCR, is known to stimulate the expression of glutamine synthetase (GS) in embryonic chick retina (reviewed by Moscona and Linser, 1983) . In the developing chick retina, levels of GS are low until E15 and rapidly increase thereafter (Gorovits et al., , 1996 Grossman et al., 1994) , in parallel to adrenal cortex development and elevated systemic levels of glucocorticoid (Marie, 1981) . GS expression is a symptom of glial maturation and can be induced in immature Müller glia by exogenous glucocorticoids (Moscona and Linser, 1983) ; this is probably a direct effect as GCR may be expressed by immature glia or latestage retinal progenitors . By comparison, FGF2 inhibits the expression of GS in the developing retina (Kruchkova et al., 2001) , consistent with the notion that FGF signaling promotes the de-differentiation of Müller glia and maintains neural progenitors (reviewed by Fischer and Bongini, 2010; Gallina et al., 2014) . In the retinas of different vertebrate species, proliferating Müller glia-derived retinal progenitor cells (MGPCs) are generated in response to damage or activation of distinct cell-signaling pathways (reviewed by Fischer and Bongini, 2010; Gallina et al., 2014) . The purpose of this study was to investigate how GCR signaling influences the formation of MGPCs.
GCR would act selectively at GCR in other warm-blooded vertebrates. Accordingly, we used antibodies to GCR to characterize patterns of expression in the retinas of different vertebrates. Retinas were labeled with different antibodies raised to human GCR and Sox2, a wellestablished marker for glia in normal, healthy mammalian retinas . GCR was observed primarily in the Sox2-positive nuclei of Müller glia in mouse, guinea pig, dog and human retina . The labeling for GCR in the nuclei of Müller glia was uniform across central and peripheral regions of the retina. In addition to labeling the nuclei of Müller glia, we observed GCR immunofluorescence in the nuclei of a few scattered cells in the inner retinal layers (Fig. 1) . The identity of these cells remains uncertain.
In the developing chick retina, antibodies raised to human GCR produce nuclear labeling in Sox2-positive Müller glia in late-stage (E14-E16) embryos (not shown), consistent with previous reports . In post-hatch chick retina, immunofluorescence for GCR was elevated in Müller glia in peripheral regions compared with levels seen in central regions of the retina ( Fig. 2A) . Similar to patterns of expression in mammalian retinas, GCR was detected primarily in the Sox2-positive nuclei of Müller glia and colocalized to TOP AP -positive Müller glia (Fig. 2B,C) . TOP AP is a member of sarcolemmal membrane-associated protein family that is expressed by Müller glia and recognized by the 2M6 monoclonal antibody (Ochrietor et al., 2010) . In addition, GCR is expressed by the nonastrocytic inner retinal glia (NIRG) cells, as indicated by overlap of labeling for GCR, Sox2 and Nkx2.2 (Fig. 2B ). NIRG cells have been identified as a distinct type of glial cell in the retina Zelinka et al., 2012) . Levels of GCR expression in Müller glia increase towards the periphery of the retina with the highest levels detected in the progenitors in the circumferential marginal zone (CMZ) and the non-pigmented epithelial cells of the pars plana ( Fig. 2A,D,E) . We did not observe GCR expression in CD45-positive microglia (not shown). The conserved sequence, as well as the near-identical expression patterns among retinal cell types, implies that the functions of GCR are important and well conserved.
GCR expression is dynamic in damaged retinas
We next examined whether expression levels of GCR were influenced by NMDA-induced retinal damage where Müller glia are known to become proliferating progenitor-like cells (reviewed by Fischer and Bongini, 2010; Gallina et al., 2014) . Using immunofluorescence, GCR appears to be upregulated by Sox2-positive Müller glia at 1 and 2 days after NMDA treatment ( Fig. 2F-H) . At 3 days after damage, when the appearance of the MGPCs is observed, and the Sox2-positive nuclei in the INL delaminate, GCR expression is maintained by MGPCs (Fig. 2I) . In damaged retinas, we did not observe GCR expression in CD45-positive microglia (data not shown). qPCR analysis showed that GCR mRNA levels after NMDA-induced damage quickly, within 4 h, increase above the pre-damage levels (Fig. 2J) . GCR levels remained elevated 1 day after treatment, and then fall to pre-damage levels by day 2, and further decrease below the pre-damage levels by day 3 (Fig. 2J) .
To better understand the dynamics of GCR signaling and how cortisol levels are regulated in damaged retinas, we measured the levels of cortisol-processing enzymes 11β-hydroxysteroid dehydrogenase type 1 (HSD1), which converts inactive cortisone to active cortisol, and 11β-hydroxysteroid dehydrogenase type 2 (HSD2), which converts cortisol to cortisone. qPCR analysis demonstrated that, in contrast to GCR, HSD1 levels do not change by 4 h after NMDA treatment, decrease slightly by day 1, increase significantly by day 2 and decrease by day 3 (Fig. 2K) . By comparison, HSD2 levels increase 4 h after NMDA treatment and fall to control levels in the following days (Fig. 2L) . Collectively, these data indicate that GCR signaling is dynamic following NMDA-induced damage.
Activation of GCR signaling inhibits the formation of MGPCs
To test whether activation of GCR has an impact on the formation of MGPCs, we made intraocular injections of the GCR agonists dexamethasone (Dex) or Compound A (CpdA) following NMDAinduced damage and probed for proliferation (Fig. 3) . Cell proliferation is an integral aspect of the transition of Müller glia to MGPCs (reviewed by Fischer and Bongini, 2010; Gallina et al., 2014; Karl and Reh, 2010) . Following NMDA-induced damage, the MGPCs enter S-phase of the cell cycle in synchrony at 2 days after treatment, thereby enabling effective BrdU labeling of the MGPCs and their progeny (Fischer and Reh, 2001 ). In the chick retina, Development (2014 Development ( ) 141, 3340-3351 doi:10.1242 MGPC proliferation is prominent in peripheral regions of the retina, where the Müller glia are believed to be less mature than in central retina (reviewed by Fischer, 2005) , and where we find persistent expression of GCR (see Fig. 2A ). Application of 100 ng/dose of Dex after NMDA treatment decreased the number of the proliferating MGPCs by about 50% (Fig. 3C) , while having no effect on the proliferation of NIRG cells (Fig. 3D) . We probed for the proliferation of the NIRG cells because these glia, like the Müller glia, express GCR (see Fig. 2B ). Application of 200 ng of Dex after NMDA treatment decreased the number of the proliferating MGPCs by about 90% (Fig. 3E) , while having no effect on the proliferation of NIRG cells (Fig. 3F ). Dex activates both the GCR dimer and monomer, and does not discriminate between GCR-dependent transcriptional changes and changes in cell signaling pathways. By comparison, CpdA activates only the monomeric form of GCR that interacts with cytoplasmic proteins , 2005 . To better characterize whether activated GCR signaling suppresses the formation of MGPCs because of GCR-dependent transcription or GCRdependent protein-protein interactions, CpdA was applied after NMDA treatment (Fig. 3) . The number of proliferating MGPCs was decreased by about 50% (Fig. 3G) , whereas the proliferation of NIRG cells was unaffected (Fig. 3H) . These results suggest that GCR-mediated changes in both transcription and cell signaling inhibit the proliferation of MGPCs in damaged retinas.
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To better understand how GCR signaling inhibits the formation of MGPCs, we probed for different factors that are known to influence MGCPs. Levels of retinal damage are known to influence the formation of MGPCs (Fischer and Reh, 2001; Fischer et al., 2004b) . Therefore, we probed for levels of cell death in retinas treated with Dex or CpdA. Injections of Dex or CpdA into normal, healthy eyes had no effect upon cell survival or the reactivity of (J-L) qRT-PCR was used to measure relative levels mRNA for Gcr (J), Hsd1 (K) and Hsd2 (L) at 4 h, 1 day, 2 days and 3 days after NMDA treatment. Data are mean ±s.d. (n≥5) of the relative percentage change in mRNA levels. The significance of differences between control and treated groups was determined by using a two-tailed Mann-Whitney U-test (*P<0.05; **P<0.01; ns, not significant).
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Müller glia (data not shown). By contrast, injections of Dex or CpdA following NMDA treatment decreased the number of dying cells by about 50% (Fig. 4A-E) .
We have found that reactive microglia stimulate the formation of MGPCs in damaged and undamaged retinas . As Dex is known to suppress microglial reactivity in the brain (reviewed by Herrera et al., 2005) , we probed for changes in the microglia in damaged retinas treated with Dex. We found that Dex inhibited microglia reactivity; levels of CD45 were significantly reduced in Dex/NMDA-treated retinas compared with levels seen in retinas treated with vehicle/NMDA ( Fig. 4F-H ). Although microglial reactivity was reduced in retinas treated with Dex/ NMDA, retinal levels of pro-inflammatory cytokines, including IL1β, IL6, TNFα and the TNFα-processing enzyme Adam17, were unchanged by Dex (data not shown).
We next probed for changes in the expression of different genes known to influence the reprogramming of Müller glia to MGPCs. Activated Notch signaling and upregulation of Ascl1a are known to stimulate the formation of MGPCs in the retina (Fausett et al., 2008; Ghai et al., 2010; Hayes et al., 2007; Pollak et al., 2013) . Consistent with previous reports (Hayes et al., 2007) , we found increases in retinal levels of chick Delta1, Dll4, Jag (not shown), Notch1, Hes5 and Ascl1a (Fig. 4I ) 3 days after NMDA treatment. However, Dex treatment after NMDA treatment did not influence the elevated levels of chick Delta1, Dll4, Jag (not shown), Notch1, Hes5 or Ascl1a (Fig. 4I) . Components of the complement system are known to stimulate retinal regeneration in the embryonic chick (Haynes et al., 2013) . In NMDA-damaged retinas treated with Dex, we found that retinal levels of C3 were significantly reduced, whereas levels of C3aR were unaffected (Fig. 4I ).
Spred1 (sprouty-related, EVH1 domain-containing 1), an intracellular antagonist of MAPK signaling, is expressed by Müller glia in normal and damaged retinas (Roesch et al., 2008 (Roesch et al., , 2012 . We found that Spred1 is transiently downregulated at 1 day after NMDA treatment (not shown), whereas levels of Spred1 return to control levels 3 days after NMDA treatment (Fig. 4I) . Interestingly, there were significant increases in levels of Spred1 in Dex/NMDA-treated retinas (Fig. 4I) . As levels of a the MAPK inhibitor Spred1 were elevated by Dex treatment, and FGF2/MAPK signaling is known to stimulate Pax6 expression in developing ocular tissues (Ashery-Padan and Gruss, 2001; Shaham et al., 2012) , we probed for Pax6 in MGPCs in NMDA/Dex-treated retinas. The upregulation of Pax6 is an important step in the reprogramming of glia, including Müller glia, into progenitor-like cells (Heins et al., 2002; Thummel et al., 2010) . Levels of Pax6 appeared to be marginally reduced in MGPCs in NMDA/Dextreated retinas compared with levels seen in MGPCs in NMDA-treated retinas (Fig. 4J,K) .
The transient expression of neurofilament is symptomatic of Müller glial reprogramming and the formation of MGPCs in response to damage or treatment with FGF2 (Fischer et al., 2004a; Fischer and Reh, 2001 ). In addition, there is a near-perfect overlap of neurofilament with Sox2 and phospho-Histone H3, a marker of proliferating cells in M phase (D.G., C.Z. and A.J.F., unpublished). Thus, we examined whether Dex influenced the expression of (Fischer et al., 2002; Fischer and Reh, 2001 ). The significance of any differences (*P<0.05; **P<0.01; ***P<0.001; ns, not significant) was determined using a two-tailed unpaired t-test.
3343 neurofilament in MGPCs. We found that Dex treatment after NMDA treatment reduced the number of Sox2/neurofilamentpositive MGPCs by more than 50% (Fig. 4L-N) . The ligand-binding domain of GCR is similar (58% identities; 76% positives) to that of the mineralocorticoid receptor (MCR or Nr3c2). Therefore, Dex, CpdA and RU486 act at the MCR, albeit with low affinity (Robertson et al., 2010) . In addition, the MCR is known to be expressed by Müller glia in the rat retina (Zhao et al., 2010 ). Thus, we tested whether Mcr expression was affect by NMDA treatment, and whether the MCR-preferring ligand aldosterone influences the formation of MGPCs in NMDA-damaged retinas. We found that levels of mcr where unchanged 4 h after NMDA treatment, and were decreased at 24, 48 and 72 h after NMDA (supplementary material Fig. S1 ). At doses that provided an initial maximal molar equivalent to that of Dex, we found that aldosterone had no effect upon numbers of proliferating MGPCs or NIRG cells (supplementary material Fig. S1 ). In addition, aldosterone had no effect upon FGF2-induced accumulations pERK1/2, Fos, Egr1 or pS6 in Müller glia (supplementary material Fig. S1 ). Collectively, these findings suggest that MCR signaling has little or no effect upon the formation of MGPCs and FGF2/MAPK signaling in the Müller glia.
Activation of GCR signaling inhibits FGF2-induced MAPK and mTor signaling pathways in the Müller glia
Previously, we have shown that FGF2 selectively activates MAPK signaling in Müller glia; intraocular injections of FGF2 stimulate Müller glia to upregulate pERK1/2, Egr1, Fos and pCREB and become primed to form MGPCs (Fischer et al., 2009a) . GCR and MAPK signaling can interact antagonistically via transcriptional and cell signaling mechanisms (reviewed by Ayroldi et al., 2012 ). Accordingly, we tested whether activation of GCR signaling influences the effects of FGF2 on the Müller glia. We found that Dex prevented FGF2-mediated upregulation of pERK1/2, Egr1 and cFos selectively in the Müller glia ( Fig. 5A -C,E,F). Although GCR signaling is known to inhibit p38 MAPK (Brewer et al., 2003) , we did not find decreased levels of p38 in FGF2/Dex-treated retinas (not shown). These results indicate that FGF2/MAPK signaling in the Müller glia is inhibited by GCR signaling.
Akt/mTor signaling is known to stimulate cell growth and proliferation in many different cell types, including neural stem cells (Magri and Galli, 2013; van Wijngaarden and Franklin, 2013) . There is also evidence that the Akt/mTor-pathway can be activated by FGF2/MAPK signaling via crosstalk (reviewed by Ciuffreda et al., 2014; De Luca et al., 2012) . A read-out of AktmTor signaling is pS6, a component of the 40S ribosomal subunit that is phosphorylated at multiple sites by S6 kinase (S6K), downstream of mTor activation (Dufner and Thomas, 1999) . In untreated retinas, levels of pS6 in Müller glia are below levels of detection (not shown), whereas levels of pS6 are dramatically upregulated in Müller glia by FGF2 (Fig. 5D) . We found that FGF2-induced accumulation of pS6 in the Müller glia is inhibited by Dex (Fig. 5D-F) .
We next tested whether activation of GCR signaling inhibits FGF2-induced proliferation of MGPCs. A low dose of NMDA followed by injections of FGF2 stimulates the formation of proliferating MGPCs (Ghai et al., 2010) . As activation of GCR inhibited FGF2/MAPK signaling in undamaged retinas, we 
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hypothesized that Dex would inhibit the formation of MGPCs formed by FGF2 treatment in damaged retinas. Indeed, the number of proliferating MGPCs was significantly decreased, by nearly 90%, by Dex in FGF2/NMDA-treated retinas, whereas numbers of proliferating NIRG cells were unaffected (Fig. 6A-D) . These findings indicate that activation of GCR signaling overrides FGF2-mediated formation of MGPCs in damaged retinas. We next tested whether GCR signaling overrides FGF2-induced formation of MGPCs in the absence of retinal damage. We have found that four consecutive daily injections of FGF2 stimulates the formation of proliferating MGPCs, this proliferation requires the presence of reactive microglia and occurs in the absence of damage . We found that co-application of Dex with FGF2 reduced the number of proliferating MGPCs by nearly 75%, whereas numbers of proliferating NIRG cells were unaffected ( Fig. 6E-H) . To examine how Dex might influence FGF2-mediated reprogramming of Müller glia we probed for changes in gene expression by using real-time RT-PCR. FGF2 is known to upregulate levels of Notch1, Hes5 and Ascl1a in Müller glia in the absence of retinal damaged (Ghai et al., 2010) . We found that co-application of Dex with FGF2 significantly reduced levels of Notch1, Hes5, Ascl1a and components of the complement system, C3 and C3aR (Fig. 6I) . Unlike Dex treatment after NMDA treatment, co-application of Dex with FGF2 decreased levels of the MAPK antagonist Spred1 (Fig. 6I) .
Given that GCR signaling inhibits FGF2/MAPK signaling in Müller glia (see Fig. 5 ) and FGF2 primes Müller glia to become more progenitor like (Fischer et al., 2009a ,b), we tested whether there is a reciprocal influence of FGF2 upon GCR signaling in the retina. We found that three consecutive daily injections of FGF2 had no influence on retinal levels of GCR, whereas levels of the cortisol-activation enzyme HSD1 are downregulated and of the cortisol-inactivating enzyme HSD2 are upregulated (Fig. 6J) . This finding suggests that FGF2/MAPK signaling may, at least in part, prime Müller glia to become proliferating MGPCs by decreasing retinal levels of cortisol and decreasing GCR signaling.
Inhibition of GCR signaling induces the proliferation of MGPCs
As activation of GCR inhibited the formation of MGPCs, we tested whether inhibition of GCR stimulated the formation of MGPCs. We applied four consecutive daily injections of RU486, an antagonist at both progesterone and GCR receptors, and found that proliferating MGPCs were not stimulated (not shown). This finding suggests that blockade of GCR is not sufficient to induce the formation of MGPCs in undamaged retinas.
Previously, we have shown that a relatively low dose of NMDA primes Müller glia to become MGPCs, without leading to proliferation (Fischer and Reh, 2001; Ghai et al., 2010) . Therefore, we sought to test whether inhibition of GCR signaling Fig. 5 . In uninjured retina, activation of GCR signaling inhibits FGF2-induced MAPK and mTor signaling pathways in the Müller glia. Eyes were injected with FGF2 alone (control) or with 200 ng FGF2+200 ng dexamethasone (treated) at P6 and P7. The retinas were harvested at P8 and labeled for pERK and Sox2 (A), Egr1 and Sox9 (B), Fos and Sox2 (C), and pS6 and Sox2 (D). Arrows indicate the nuclei of Müller glia. (E,F) Data are mean (±s.d.; n=6) area sum and density sum immunofluorescence. The significance of any difference between control and treated groups was determined using a two-tailed t-test (*P<0.05; **P<0.01; ***P<0.001; ns, not significant). Scale bar: 50 µm.
3345
RESEARCH ARTICLE Development (2014) 141, 3340-3351 doi:10.1242/dev.109835
induces the formation of MGPCs following a moderate insult. The number of the proliferating MGPCs was increased nearly sixfold when RU486 was applied following a moderate NMDA insult ( Fig. 7A-C) . By comparison, treatment with RU486 following NMDA had no effect on the number of proliferating NIRG cells (Fig. 7D) . Injections with RU486 following NMDA treatment had no significant effect upon cell death (Fig. 7E-G ) and no effect upon microglial reactivity (not shown), suggesting the RU486-mediated increases in MGPC proliferation are not secondary to increases in retinal damage or microglial reactivity. We next investigated the specificity of RU486 given that this molecule acts at both GCR and the progesterone receptor. Accordingly, we applied Dex, which has no demonstrated specificity for the progesterone receptor, with RU486 following a relatively low dose of NMDA. We found that Dex prevented the proliferation of MGPCs that otherwise resulted from RU486 treatment in NMDAdamaged retinas (Fig. 7H) . The proliferation of NIRG cells was not influenced by treatments with Dex and RU486 in damaged retinas (Fig. 7I) . These results suggest that RU486-mediated formation of MGPCs results from the inhibition of GCR signaling.
We tested whether activation of MAPK signaling with FGF2 and inhibition of GCR signaling with RU486 acts synergistically to stimulate the formation of MGPCs. Three consecutively daily injections of FGF2 and RU486 failed to stimulate the formation of MGPCs (not shown). As FGF2 modulates retinal levels of HSD1 and HSD2 (see Fig. 6 ), which should decrease levels of cortisol, we speculate that there was little GCR signaling for the RU486 to antagonize and enable FGF2/MAPK-induced formation of MGPCs.
We next examined whether inhibition of GCR with RU486 influenced the types of cells derived from MGPCs. Activation of GCR with cortisol during retinal development is known to stimulate the maturation of Müller glia (Gorovits et al., , 1996 . Therefore, we hypothesized that RU486-mediated inhibition of GCR and the enhanced formation of proliferating MGPCs would also result in diminished formation of new Müller glia and increased formation of new neurons. Indeed, we found that RU486 increased the percentage of MGPC-derived cells that differentiated into HuD/ C-positive neurons by about 50% (Fig. 7J-M,R) . By comparison, the RU486 treatment decreased the percentage of MGPC-derived 
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cells that differentiated into GS-positive glia by more than 20% (Fig. 7N -Q,S).
DISCUSSION
We find that GCR signaling has significant impacts upon retinal Müller glia. The activation of GCR in Müller glia inhibits the proliferation of MGPCs by inhibiting signaling through MAPK. It is known that glucocorticoids can negatively regulate MAPK signaling (Bruna et al., 2003) . For example, activation of MAPK signaling through ERK1/2 and p38 MAPK can be inhibited by GCR signaling (Brewer et al., 2003) , and p38 MAPK signaling enhances the expression of pro-inflammatory cytokines such as TNFα, interleukin 6 (IL6) and IL8 in immune cells (Inoue et al., 1996) . Although we failed to detect decreases in p38 MAPK when Dex was applied with FGF2, it remains possible that targets downstream of p38 were influenced by Dex. Consistent with our findings, Dex inhibits the accumulation of pERK in Müller glia in retinas with endotoxin-induced uveitis to suppress glial reactivity (Takeda et al., 2002) . Glucocorticoids can enhance the production of antiinflammatory cytokines including IL10 (Schaaf and Cidlowski, 2002) , while inhibiting the production of pro-inflammatory cytokines, including IL1β, IL6, IL8 and TNFα (Bladh et al., 2005; Brewer et al., 2003; Stellato, 2004) . However, in NMDAdamaged retinas, we did not find decreases in IL1β, IL6 or TNFα in response to Dex, even though the microglial reactivity was suppressed. In the rodent retina, Müller glia are known to produce pro-inflammatory cytokines in response to NMDA treatment, and elevated production of TNFα can render neurons more susceptible to excitotoxic damage (Lebrun-Julien et al., 2009) . The mechanisms by which Dex suppresses the reactivity of microglia in NMDAdamaged retinas remain uncertain, but are likely to be secondary to signaling in Müller glia given that GCR was not detected in microglia.
Patterns of GCR expression in the chick retina coincide with the level of Müller glia maturation: nuclear GCR levels in the central retina are lower where the Müller glia are more mature and nuclear GCR levels increase towards the periphery where the Müller glia are less mature (Anezary et al., 2001; Fischer et al., 2002) . The nuclear localization of GCR suggests ligand binding and translocation (reviewed by Schaaf and Cidlowski, 2002) . The nuclear localization of GCR in Müller glia in peripheral retinal regions may represent increased expression and/or increased ligand binding and nuclear The significances of differences for treated versus control datasets were determined using a two-tailed t-test. (**P<0.01; ***P<0.001; ns, not significant). (G,R,S) The significance of differences for the percent change was determined using a two-tailed Mann-Whitney U-test (*P<0.05; ns, not significant).
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translocation. In central regions of the chick retina, GCR may be expressed at low levels or may be expressed at high levels but remains diffusely distributed in the peripheral processes of Müller glia, below levels of detection. Alternatively, in the cytoplasm GCR is part of a complex with chaperones that may mask the epitopes that are recognized by antibodies. Following acute damage, GCR immunolabeling was increased in the nuclei of Müller glia across all regions of the retina (not shown); this may represent a combination of increased expression, dissociation from the chaperone complex and ligand-binding/nuclear translocation. Glucocorticoid signaling in the retina is dynamically modulated after acute retinal injury. The cortisone-to-cortisol converting enzyme HSD1 is expressed at diminished levels 1 day after NMDA treatment, and then at elevated levels at 2 days after NMDA treatment. By comparison, the cortisolto-cortisone converting enzyme HSD2 is elevated within 4 h of NMDA treatment, and is downregulated thereafter. These findings suggest that soon after NMDA treatment, retinal levels of cortisol and GCR signaling are reduced, whereas cortisol levels are elevated 2 days after treatment when de-differentiation of Müller glia leads to re-entry into the cell cycle (Fischer and Reh, 2001 ). The observation that increased levels of HSD2 coincide with increased levels of GCR, whereas increased HSD1 levels follow the spikes in HSD2 and GCR, suggests local modulation of cortisol levels and GCR signaling in the retina. Collectively, these findings suggest that after acute retinal injury there is a transient drop, followed by a transient spike, in GCR signaling in Müller glia. Furthermore, we find that levels of HSD1 are decreased, while levels of HSD2 are increased, by FGF2 treatment, after which MGPCs are stimulated to form. This finding is consistent with the hypothesis that reduced GCR signaling in Müller glia permits the formation of proliferating MGPCs. We found that application of Dex/CpdA after NMDA reduced the reactivity of microglia and reduced numbers of dying cells. Reactive microglia and levels of retinal damage (Fischer et al., 2004b) stimulate the formation of MGPCs. Therefore, it is possible that suppressed formation of MGPCs in CpdA/NMDA-or Dex/NMDA-treated retinas resulted, at least in part, secondarily through diminished microglial reactivity and/or diminished levels of neuronal damage. Nevertheless, we propose that GCR signaling primarily inhibits the formation of MGPCs by directly influencing the Müller glia for the following reasons: (1) GCR is expressed by Müller glia, not by retinal microglia or neurons; (2) FGF/MAPK signaling is known to directly stimulate Müller glia (Fischer et al., 2009b) and activation of GCR signaling blocks FGF2-mediated formation of MGPCs in damaged retinas (current study); and (3) in the absence of retinal damage, activation of GCR signaling inhibits the formation of MGPCs in response to FGF2. In addition to the inhibition of MAPK signaling, activation of GCR inhibited FGF2-mediated accumulation of pS6, a readout of mTor signaling. mTor signaling has well-known roles in cell growth and proliferation of neural stem cells and tumors (reviewed by Ito et al., 2009 ). Collectively, these findings are consistent with the hypothesis that GCR signaling directly inhibits the dedifferentiation of Müller glia and formation of MGPCs.
We propose that Dex-mediated inhibition of MGPCs is primarily manifested through the inhibition of MAPK signaling in the Müller glia. Previous studies have indicated that GCR signaling can negatively impact MAPK signaling in different types of cells (reviewed by Ayroldi et al., 2012) . Dex suppresses FGF2-mediated activation of MAPK signaling in the Müller glia and suppresses the formation of MGPCs. In addition, injections of Dex following NMDA treatment increased retinal levels of the intracellular MAPK antagonist Spred1. By comparison, co-application of Dex with FGF2, in the absence of retina damage, resulted in reduced expression of Spred1. Spred1 and Spred2 are known to be expressed by Müller glia, and levels of Spred1 are influenced by retinal degeneration (Roesch et al., 2008 (Roesch et al., , 2012 . Interestingly, Spred1 is enriched in neural stem cells in the rodent ventricular zone and acts to suppress proliferation (Phoenix and Temple, 2010) . Collectively, our data suggest that activation of GCR may upregulate transcription of Spred1 to dampen MAPK signaling in Müller glia in damaged retinas, but not in FGF2-treated retinas in the absence of damage. GCR-mediated transcriptional repression is due in part to direct interactions between monomeric GCR and transcription factors such as Jun-Fos and NF-κB, which synergistically coordinate the transcriptional activation of many genes involved in inflammation (Bladh et al., 2005) . However, we find that FGF2-induced expression of cFos in Müller glia was inhibited by Dex. Collectively, these findings suggest that GCR signaling influences MAPK signaling by modulating protein-protein interactions and by influencing transcriptional activation of cFos. However, we cannot exclude the possibility that MCR signaling influences the formation of MGPCs. Although the MCR-preferring ligand aldosterone failed to influence FGF2/MAPK signaling in Müller glia and did not influence the proliferation of MGPCs in damaged retinas, the GCRpreferring agents that we used are known to have some affinity for MCR (Robertson et al., 2010) and MCR is likely to be expressed by Müller glia (Zhao et al., 2010) . Consistent with our findings, a recent report by Anacker and colleagues (Anacker et al., 2013) indicates that low levels of cortisol, acting through MCR, increased proliferation of hippocampal progenitors and decreased neuronal differentiation whereas high levels of cortisol, acting through GCR, decreased proliferation and decreased neural differentiation.
Notch signaling is largely unaffected by GCR signaling and changes in Notch signaling probably do not underlie the diminished formation of MGPC in Dex/NMDA-treated retinas. We find that Dexmediated inhibition of MGPCs in damaged retinas is not correlated with decreased Notch signaling. Mature Müller glia express Notch and related genes, and maintain relatively low Notch signaling in normal healthy retinas (Ghai et al., 2010; Hayes et al., 2007; Nelson et al., 2011; Roesch et al., 2008) . In the chick retina, Notch signaling stimulates the formation of MGPCs (Ghai et al., 2010; Hayes et al., 2007) and is required for FGF2/MAPK-mediated formation of MGPCs (Ghai et al., 2010) . However, we found fewer proliferating MGPCs with NMDA/Dex treatment. As we cannot determine the number of transcripts in individual MGPCs, it is possible that levels of Notch-related genes may have been elevated in many cells that failed to progress through the cell cycle because of GCR-mediated inhibition. Although Dex may not have affected Notch signaling in damaged retinas, Notch signaling was suppressed by Dex in FGF2-treated retinas. These findings suggest contextual differences in the effects of Dex/GCR signaling on Notch and on the formation of MGPCs. Activation of GCR appears to directly inhibit FGF2/MAPK signaling and the initiation of Müller glial de-differentiation in undamaged retinas, whereas Müller glia in NMDA-damaged retinas appear to be influenced by many signaling pathways in addition to GCR and MAPK. These pathways probably include Wnt/β-catenin (Osakada et al., 2007; Ramachandran et al., 2011) , Jak/Stat3 (Nelson et al., 2012) , TGFβ/Smad (Close et al., 2005; Lenkowski et al., 2013) and TNFα (Nelson et al., 2013) . Any one of these pathways in the damaged retina could influence Notch signaling independently of MAPK and GCR signaling. In damaged retinas, activation of GCR signaling with Dex inhibited the formation of MGPCs, similar to the inhibition of Notch (Ghai et al., 2010; Hayes et al., 2007) , without influencing levels of Notch. Thus, Notch and GCR signaling pathways appear to influence MGPCs via independent, parallel pathways in damaged retinas, whereas Notch signaling in FGF2-induced MGPCs, in the absence of retinal damage, is inhibited by activation of GCR.
Conclusions
The expression pattern of GCR in the retina is highly conserved across warm-blooded vertebrates, with expression residing almost exclusively within the Müller glia. The conserved nature of GCR suggests that GCR signaling in chick Müller glia acts similarly in mammalian glia. In the chick retina, activation of GCR inhibits the proliferation of MGPCs in damaged and undamaged retinas; this occurs by overriding FGF2/MAPK signaling in the Müller glia. In a complementary manner, inhibition of GCR enhances the formation of neuro-competent MGPCs in damaged retinas. GCR signaling has a significant impact upon the de-differentiation of Müller glia and transition into proliferating MGPCs. We propose that the effects of GCR signaling on suppressed microglial reactivity and enhanced neuronal survival are mediated indirectly through the Müller glia.
MATERIALS AND METHODS
Animals
The use of animals in these experiments was in accordance with the guidelines established by the National Institutes of Health and the Ohio State University. Newly hatched wild-type leghorn chickens (Gallus gallus domesticus) were obtained from the Department of Animal Sciences at the Ohio State University or Meyer Hatchery (Polk, OH, USA). Postnatal chicks were kept on a cycle of 12 h light, 12 h dark (lights on at 8:00 AM). Chicks were housed in a stainless steel brooder at about 25°C and received water and Purina chick starter ad libitum.
Eyes were obtained post-mortem from C57BL/6 mice (Mus musculata; Dr Karl Obrietan, Department of Neuroscience, The Ohio State University, Columbus, USA), guinea pigs (Cavia porcellus; Dr Jackie Wood, Department of Physiology and Cell Biology, Ohio State University), dogs (Canis familiaris; Simon Petersen-Jones, Veterinary Sciences, Michigan State University, East Lansing, USA) and human tissues (Drs Cynthia Roberts and Colleen Cebulla, Department of Ophthalmology, The Ohio State University).
Intraocular injections
Chickens were anesthetized and intraocular injections were performed as described previously (Fischer et al., 2008 (Fischer et al., , 2009a . Injected compounds included NMDA (6.4 or 154 μg/dose; Sigma-Aldrich), dexamethasone (100-200 ng/dose; Sigma-Aldrich), CpdA (500 ng/dose; Millipore), aldosterone (200 ng/dose; Sigma-Aldrich), RU486 (1 μg/dose; SigmaAldrich), FGF2 (200 ng/dose; Sigma-Aldrich) and BrdU (1 μg/dose; Sigma-Aldrich). Hydrophobic compounds were diluted and injected in 30% DMSO in saline. Injection paradigms are included in the figures and legends.
PCR
Tissue dissections, RNA isolation, reverse transcriptase reactions and PCR reactions were performed as described previously (Fischer et al., 2004a Ghai et al., 2010) . PCR primers were designed by using the Primer-BLAST primer design tool at NCBI (http://www.ncbi.nlm.nih.gov/tools/ primer-blast/). Primer sequences and predicted product sizes are listed in supplementary material Table S1 .
For qPCR, reactions were performed using SYBR Green Master Mix and StepOnePlus Real-Time system (Applied BioSystems). Samples were run in triplicate on at least four different samples. Ct values obtained from realtime PCR were normalized to GAPDH for each sample and the fold change between control and treated samples was determined using the 2-ΔΔCt method [=fold change 2 (−ΔΔCt) ] and represented as a percentage change from the control, which was assigned a value of 100. The significance of any differences in percentage change was determined using a non-parametric Mann-Whitney U-test.
Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
To identify dying cells that contained fragmented DNA, the TUNEL method was used. We used an In Situ Cell Death Kit (TMR Red; Roche Applied Science), as per the manufacturer's instructions.
Fixation, sectioning and immunocytochemistry
Tissues were fixed, sectioned and immunolabeled as described previously (Fischer et al., 2008 (Fischer et al., , 2009b . Working dilutions and sources of primary and secondary antibodies used in this study are listed in supplementary material Table S2 . In the chick retina, the specificity of the GCR immunolabeling was based on comparisons of expression patterns seen in a previous report and the identical patterns of labeling observed with two different polyclonal antibodies raised to different GCR epitopes.
Photography, cell counts and statistics
Digital photomicroscopy was performed as described in previous studies (Fischer et al., 2008 Ghai et al., 2009 Ghai et al., , 2010 . Similar to previous studies (Fischer et al., 2009a (Fischer et al., ,b, 2010 Ghai et al., 2009) , immunofluorescence was quantified using ImagePro 6.2 (Media Cybernetics). The mean area, intensity and density sum was calculated for the pixels within threshold regions from at least four different retinas for each experimental condition. GraphPad Prism 6 was used for statistical analyses. The significance of any differences was determined between two treatment groups using a two-tailed, unpaired t-test.
Supplemental Figure S1 . Levels of mcr are decreased after NMDA-treatment, the MCR-agonist aldosterone has little effect upon the proliferation of MGPCs, and aldosterone does not influence FGF2/MAPK-signaling. A; qRT-PCR was used to measure levels of mRNA for mcr at 4 hrs, 1 day, 2 days and 3 days after NMDA-treatment. The histogram illustrates the mean (±SD; n=4) percentage change of mRNA. Significance of difference between control and treated groups was determined by using a two-tailed Mann-Whitney U test (**p<0.01, ns-not significant). B and C; histograms illustrate the mean (±SD; n=8) number of proliferating MGPCs or NIRG cells per field of view in retinas treated with NMDA + vehicle (control) or NMDA + aldosterone (treated). Significance of difference (ns -not significant) for treated vs control data sets was determined by using a two-tailed, paired t-test. D-K; Retinas were obtained from eyes that were injected 2 consecutive days with FGF2 ± aldosterone, and harvested 24 hrs after the last injection. Retinal sections were labeled with antibodies to pERK1/2 (D and E; green), cFos (F and G; green), Egr1 (H and I; green), pS6 (J and K; green), Sox2 (D-G, J, K; red) or Sox9 (H and I; red). Hollow arrowheads indicate the nuclei of Müller glia. The 50 µm bar in K applies to D-K.
